Quinones and other oxygenated polycyclic aromatic hydrocarbons (oxy-PAHs) are toxic and/or genotoxic compounds observed to be cocontaminants at PAH-contaminated sites, but their formation and fate in contaminated environmental systems have not been well studied. Anthracene-9,10-dione (anthraquinone) has been found in most PAH-contaminated soils and sediments that have been analyzed for oxy-PAHs. However, little is known about the biodegradation of oxy-PAHs, and no bacterial isolates have been described that are capable of growing on or degrading anthraquinone. PAH-degrading Mycobacterium spp. are the only organisms that have been investigated to date for metabolism of a PAH quinone, 4,5-pyrenequinone. We utilized DNA-based stable-isotope probing (SIP) with [U-13 C]anthraquinone to identify bacteria associated with anthraquinone degradation in PAH-contaminated soil from a former manufactured-gas plant site both before and after treatment in a laboratory-scale bioreactor. SIP with [U-13 C]anthracene was also performed to assess whether bacteria capable of growing on anthracene are the same as those identified to grow on anthraquinone. Organisms closely related to Sphingomonas were the most predominant among the organisms associated with anthraquinone degradation in bioreactor-treated soil, while organisms in the genus Phenylobacterium comprised the majority of anthraquinone degraders in the untreated soil. Bacteria associated with anthracene degradation differed from those responsible for anthraquinone degradation. These results suggest that Sphingomonas and Phenylobacterium species are associated with anthraquinone degradation and that anthracene-degrading organisms may not possess mechanisms to grow on anthraquinone.
O xygenated polycyclic aromatic hydrocarbons (oxy-PAHs) such as quinones are cocontaminants in PAH-contaminated soils and sediments (1) (2) (3) . They are of concern because they have been identified to be toxic and/or genotoxic, either as pure compounds (2, (4) (5) (6) or by association with genotoxic fractions of fractionated extracts from contaminated soils and sediments (7) (8) (9) . In addition, because they are more polar than the parent PAHs, oxyPAHs can exhibit greater mobility within a contaminated environmental system (2, 10) . Little is known about the fate of oxyPAHs in contaminated systems, in part because relatively few studies have attempted to identify these compounds and the analytical methods have not yet been standardized (11, 12) .
It is not possible to assess the source(s) or fate of oxy-PAHs in contaminated systems from observation of their presence alone, although it has been suggested that the ratio of an oxy-PAH to the parent PAH can be diagnostic of the source (3, 13) . Oxy-PAHs can be present in the same source as the PAHs (2) (such as coal tars), formed in the atmosphere by heterogeneous reactions on particles containing PAHs (14) that can reach soil or sediment by deposition, or produced by chemical or photochemical oxidation of PAHs in situ (2) . Oxy-PAHs can also result from microbial transformation of the parent PAHs in situ (10, (15) (16) (17) (18) (19) or as a result of biological treatment of contaminated soil (15, 17, 20) . A number of bacterial isolates have been observed to produce oxy-PAHs as extracellular products during aerobic metabolism of PAHs (21) (22) (23) (24) (25) (26) . However, little is known about the bacteria that can degrade oxy-PAHs in the environment or the mechanisms of degradation.
Anthracene-9,10-dione (anthraquinone) is among the most commonly found oxy-PAHs in soil and sediment samples in which oxy-PAHs have been analyzed. It has been found in contaminated soils at former manufactured-gas plant (MGP) sites (9, 20, 27, 28) and creosote-contaminated sites (1, 9, 27) , in contaminated surface water sediments (7, 13) , and in groundwater at several sites contaminated with tar (29) . It has been observed to be produced as a result of microbial activity in soil spiked with anthracene (10) or with PAH mixtures (18) , whereas net anthraquinone removal has been observed during active biological treatment of field-contaminated soils (20, 28) .
In this study, we used DNA-based stable-isotope probing (SIP) with uniformly 13 C-labeled anthraquinone to identify anthraquinone-degrading bacteria in contaminated soil from a former MGP site, both before and after treatment of the soil in an aerobic, slurry-phase bioreactor. To assess whether the anthraquinone degraders can also grow on anthracene, we conducted SIP with [U-13 C]anthracene in parallel for the untreated soil and also compared the anthraquinone degraders identified in this study to the anthracene degraders in bioreactor-treated soil recently identified by SIP with anthracene (30) .
MATERIALS AND METHODS
Soil. PAH-contaminated soil was obtained from a former manufacturedgas plant located in Salisbury, NC, and processed as described elsewhere (31) . Briefly, the soil was air dried, sieved through a 10-mm wire screen, blended, and sieved again through no. 6 mesh before being stored in the dark at 4°C until use. The processed soil (64% sand, 30% silt, 6% clay [pH 7.6]) was treated in a bench-scale, semicontinuous, aerobic, slurry-phase bioreactor (32) ; 20% of the treated soil slurry was replaced every 7 days with untreated, processed soil in a buffer containing 5 mM potassium phosphate (pH 7.5) supplemented with 2.5 mM NH 4 NO 3 ("reactor buffer"). The untreated, processed soil is also referred to below as "feed soil," and the material removed from the bioreactor is referred to as "treated soil." The sample of treated soil for SIP incubations was obtained from the slurry removed from the bioreactor at the end of a 7-day cycle, before new feed soil was added to the bioreactor.
Chemicals. Unlabeled anthracene was obtained from Eastman Kodak (Rochester, NY). Anthracene-9,10-dione of 99.2% purity was purchased from Sigma-Aldrich (St. Louis, MO). All solvents were molecular biology or high-pressure liquid chromatography (HPLC) grade. [U 13 -C]anthracene was synthesized as described previously (33) . [U- 13 C]anthracene-9,10-dione ([U 13 -C]anthraquinone) was prepared by oxidation of [U-13 C]anthracene with CrO 3 . Briefly, [U-
13 C]anthracene (11 mg) in acetic acid (500 l) was treated with CrO 3 (15 mg), and the mixture was refluxed for 15 min. After cooling to ambient temperature, the mixture was diluted with water and the precipitate was collected and washed with hot water, 1 N NaOH, and water successively. The crude product was then recrystallized from acetic acid to afford pure [U- 13 C]anthracene-9,10-dione. The identity and purity of the product were verified by proton and carbon nuclear magnetic resonance (NMR) spectrometry, as well as gas chromatography and electron impact mass spectrometry (GC-EIMS) (see the supplemental material). Results are summarized as follows was preincubated at room temperature by shaking at 225 rpm in the dark for 2 days in 10 ml of reactor buffer to decrease the native PAH concentrations before the SIP experiment (34) . The preincubated feed soil and slurry removed from the bioreactor were centrifuged, and in each case an amount of centrifuged soil corresponding to 1 g (dry weight) was placed in each of replicate 125-ml screw-cap flasks containing 30 ml of reactor buffer. Duplicate flasks containing feed soil were amended with one of the following materials, as described by Jones et al. (34) : 625 g of unlabeled anthraquinone, 625 g of unlabeled anthracene, 625 g of 13 C-labeled anthraquinone, or 625 g of 13 C-labeled anthracene. Duplicate flasks containing treated soil were amended with 625 g of unlabeled anthraquinone, and a second set of duplicates was amended with 625 g of 13 C-labeled anthraquinone. For both feed soil and treated soil, duplicate acid-inhibited (phosphoric acid to pH ϳ2) controls were prepared for each substrate (anthracene or anthraquinone). All incubations were conducted by shaking (225 rpm) at room temperature in the dark.
One milliliter of soil slurry (ϳ33 mg [dry weight]) was sampled from each duplicate flask containing unlabeled anthracene or anthraquinone at the initial condition (0 days) and after 3 days, 7 days, 15 days, and 20 days for DNA extraction. DNA from the sample collected on day 20 was used for isolation of 13 C-enriched DNA and generation of clone libraries as described below. An additional 1 ml of soil slurry was collected at the same time points for analysis of residual anthracene or anthraquinone. All incubations were terminated at 20 days to be consistent with our previous study on SIP of anthracene in the feed soil (34) and based on substantial removal of anthraquinone by 20 days as determined in preliminary incubations with treated soil (data not shown).
Analysis of anthracene and anthraquinone. Each sample removed from incubation flasks was extracted with 5 ml of dichloromethane and 5 ml of hexanes in a 30-ml glass bottle. Bottles were crimp-sealed and shaken in the dark overnight on a wrist action shaker. The contents were transferred to a sterile 50-ml conical-bottom tube and centrifuged. Supernatant was filtered (0.2-m pore size) into a crimp-top amber vial with no headspace. Samples for anthracene analysis were diluted into acetonitrile 1:50 (vol/vol), followed by a 1:20 dilution, and stored at 4°C until analysis. Samples for anthraquinone analysis were diluted 1:10 (vol/vol) in methanol and stored at 4°C.
Extracts containing anthracene were analyzed by HPLC with fluorescence detection as described elsewhere (35) . Extracts containing anthraquinone were analyzed by HPLC on the same system but with UV detection (Applied Biosystems [Ramsey, NJ] Kratos Analytical Spectroflow 757 UV absorbance detector). The column was a Supelcosil LC-PAH column (3-m particle size, 10 cm by 4.6 mm [inside diameter]; Supelco, Bellefonte, PA), and detection was at a fixed wavelength of 254 nm; anthraquinone concentrations were quantified against external standards. Initial conditions consisted of 80% methanol and 20% water at a flow rate of 0.65 ml/min for 7 min followed by a linear increase to 100% methanol over 1 min and held at 100% methanol for 3 min. The mobile phase was then returned to the initial conditions for 9 min between injections of 10 l. The column temperature was maintained at 30°C.
DNA isolation. Each slurry sample from incubations with unlabeled or labeled substrates was divided into portions containing approximately 250 mg (dry weight) and centrifuged. Each 250-mg aliquot of soil was extracted using the FastDNA spin kit for soil (MP Biomedicals, Solon, OH) as previously described (34) . For incubations with the 13 C-labeled substrates, the DNA extracted from each 250-mg aliquot of a given replicate was combined and mixed with SYBR Safe (Invitrogen, Carlsbad, CA) (36) and unlabeled DNA from a culture of Escherichia coli K-12 grown on nutrient broth (37) in a cesium chloride solution ( ϭ 1.72 g/ml) in a 6-ml polyallomer Ultracrimp tube (Kendro Laboratory Products, Newtown, CT). The tubes were crimp-sealed and ultracentrifuged in a Sorvall (Newtown, CT) RC70 ultracentrifuge using a TV-1665 rotor (Sorvall) at 175,800 ϫ g for 40 h at 20°C. DNA bands were visualized using the Safe Imager blue light transilluminator (Invitrogen, Carlsbad, CA). Fractions of 250 l each were collected from the bottom of each tube as described previously (37) . Total DNA in each fraction was quantified using a NanoDrop 3300 fluorospectrometer (NanoDrop Products, Wilmington, DE) with the Quant-iT PicoGreen double-stranded DNA (dsDNA) assay kit (Invitrogen, Eugene, OR).
To identify fractions containing amplifiable DNA, PCR was performed with 16S rRNA gene primers 341F/517R (Table 1) (38) . To assist in determining which fractions contained unlabeled DNA, PCR was performed using E. coli-specific primers (Table 1) (39) . PCR was done with a Mastercycler gradient thermocycler (Eppendorf, Hauppauge, NY) using 5 Prime mastermix (5 Prime, Gaithersburg, MD) in a 25-l reaction mixture. To identify shifts in the community DNA resulting from isotopic enrichment, denaturing gradient gel electrophoresis (DGGE) was performed on each fraction using primers 341FGC/517R (38) and a 10% acrylamide gel with a linear denaturing gradient of 30 to 60% on a DCode universal mutation detection system (Bio-Rad Laboratories, Hercules, CA). Fractions that corresponded to heavy DNA in extracts from each flask containing 13 C-labeled substrate were identified based on total DNA, DGGE analysis, and results of the E. coli-specific PCR.
Clone libraries. The DNA from ultracentrifuge fractions containing heavy DNA from a given replicate incubation was pooled to generate a 16S rRNA gene clone library for that replicate. PCR was performed using 1 l of pooled DNA as a template using primers 8F (40) and 1492R (41) and 5 Prime mastermix in a 25-l reaction. The PCR program began with 10 min at 95°C followed by 25 cycles of 1 min at 94°C, 1 min at 50°C, and 1 min 30 s at 72°C, with a final elongation of 15 min at 72°C. Clone libraries were produced from the amplified products using the TOPO TA cloning kit for sequencing (Invitrogen, Carlsbad, CA). Clones were picked at random for sequencing, and colony PCR was performed to amplify the inserts using vector-specific primers M13F and M13R. The PCR product was sequenced with primer 8F (Eton Biosciences, Research Triangle Park, NC). Sequence analysis was performed in Sequencher (42); sequences were grouped on the basis of at least 97% similarity. Phylogenetic analysis of clone sequences was conducted in MEGA version 5 (43) . Chimeras and singleton sequences were removed from the analysis (44) . The major groups and their closest relatives in each library were determined from the Ribosomal Database Project (RDP) classifier (45) and BLASTN analysis of the GenBank database.
16S rRNA gene quantification. Sequences representing the major groups found in the clone libraries were quantified by quantitative PCR (qPCR). Primers specific for Variovorax and anthracene group 1 were as previously described (34) . Primers for sequences most closely related to pyrene group 2, Sphingomonas, and Caulobacteraceae were developed for this study. Primer specificity was validated in silico by conducting NCBI Primer-BLAST for each primer sequence. The specificity was tested experimentally by doing PCR and qPCR on DNA that was known to contain the target sequence and PCR on DNA obtained from a different soil sample that was not otherwise known to contain the target sequence to confirm that there was no product produced. The qPCR program comprised 15 min at 95°C followed by 45 cycles of 15 s at 95°C, 30 s at the annealing temperature, and 30 s at 72°C. Data were collected during primer extension, and the products of the reaction were analyzed by melt curve analysis between 65 and 95°C. The r 2 value for each qPCR standard curve was Ն0.995, and the amplification efficiencies were close to 2.0. Primers and qPCR conditions are summarized in Table 1 .
Pyrosequencing. DNA was extracted from the bioreactor slurry in June 2012 and April 2013; the latter date was closer to the timing of the SIP experiment. The 2012 sample was extracted using the FastDNA spin kit for soil (MP Biomedicals, Solon, OH), and the 2013 bioreactor sample and feed soil were extracted using the PowerSoil DNA extraction kit. Bacterial 16S rRNA genes were amplified using the FastStart high-fidelity PCR system (Roche, Indianapolis, IN). The PCR mixture was composed of 1 M (each) concentrations of the forward and reverse primers (16S_577F [AYTGGGYDTAAAGNG] and 16S_926R [CCGTCAATTCM TTTRAGT]), 0.2 mM deoxynucleoside triphosphates (dNTPs), and 150 ng/l of bovine serum albumin (BSA) in a total volume of 20 l with 1ϫ buffer and 1 unit of enzyme per reaction. Approximately 25 ng of template DNA was added to each reaction. The PCR protocol consisted of 95°C for 2 min followed by 30 cycles of 95°C for 45 s, 55°C for 45 s, and 72°C for 1 min, with a final elongation at 72°C for 4 min. All reactions were done in triplicate. The amplified products were separated on a 1% agarose gel.
The product (1 l) was reamplified for 5 cycles with bar-coded 16S primers (IDT DNA Technologies, Coralville, IA) and at the same temperatures as in the initial PCR protocol. The bar-coded PCR products were separated on a 1% agarose gel. Triplicate reactions were pooled during gel purification with the Qiagen gel extraction kit and DNA quantified with the Nanodrop spectrophotometer. The samples were run at the University of North Carolina at Chapel Hill Microbiome Core Facility on a Roche 454 FLX Titanium sequencer. Sequences were analyzed using the mothur software package (46) . The sequence data were queried for major sequences identified by SIP using locally installed BLAST (47) . Nucleotide sequence accession numbers. Sequences from representative clones were deposited in GenBank with accession numbers KP128831 to KP128835.
RESULTS
Incubations with unlabeled anthraquinone or anthracene were conducted in parallel with incubations containing 13 C-labeled substrates to track substrate removal. After 20 days of incubation, less than 10% of the spiked anthraquinone or anthracene remained, whereas no removal was observed in acid-inhibited controls (see Fig. S4 in the supplemental material).
"Heavy" ( 13 C-enriched) DNA recovered from incubations with 13 C-labeled anthracene or anthraquinone was ultracentrifuged and separated into fractions. The fractions containing heavy DNA were identified using a combination of methods, including total DNA quantification ( Fig. 1 ; see also Fig. S5 to S10 in the supplemental material), DGGE analysis of fractions from incubations with the 13 C-labeled substrate (see Fig. S5 to S10), and identification by PCR of the fractions containing the unlabeled E. coli DNA that was used to spike the samples before ultracentrifugation (data not shown). For the incubations with 13 C-labeled anthraquinone, there was distinct separation between unlabeled and 13 C-enriched DNA ( Fig. 1; see also Fig. S8 ). For the incubation of 13 C-labeled anthracene with feed soil, a clear separation was not observed, but there was a significant shift of DNA to the lower fractions (see Fig. S9 and S10) . DGGE analysis showed a shift in banding patterns between the unlabeled and 13 C-enriched fractions in all of the samples (see Fig. S5 to S10). 16S rRNA clone libraries. Clone libraries of 16S rRNA genes were constructed from the pooled DNA from heavy fractions of each duplicate incubation with 13 C-labeled anthraquinone or anthracene. Collectively, 249 total clones were retained after chimeric and singleton sequences were removed. The predominant sequences recovered from each incubation condition and their closest matches are summarized in Table 2 (the data for each of the duplicates from a given incubation are shown in Table S1 in the supplemental material). All sequences from enrichment of the feed soil with anthraquinone were classified as Phenylobacterium within the Caulobacteraceae family (100% RDP confidence threshold). Very different results were obtained from enrichment of the bioreactor-treated soil with anthraquinone, for which the vast majority (92%) of sequences were related to Sphingomonas (98% RDP confidence threshold). Sphingomonas sp. strain MM-1 (48) was the closest BLAST match to the Sphingomonas sequence found in this study, with 96% identity. Sequences related to Phenylobacterium were only 5% of the library from incubation of the treated soil with 13 C-labeled anthraquinone. Sequences related to uncultivated gammaproteobacteria collectively referred to as pyrene group 2 (PG2) were half of the sequences recovered from incubation of feed soil with 13 C-labeled anthracene (Table 2) ; the representative PG2 sequence recovered in this study has 99% similarity to the first reported PG2 sequence (49) , PYR10d11 (GenBank accession number DQ123671). Other predominant groups from incubation of feed soil with anthracene were Variovorax (18% of clones) and an uncultivated group of bacteria referred to as anthracene group 1 (20% of clones). Anthracene group 1 and Variovorax were the two most predominant sequences observed in an earlier SIP study of anthracene-degrading bacteria on a different sample of the same feed soil as evaluated in this study (34) , although pyrene group 2 was not identified as an anthracene degrader in the earlier study. The anthracene group 1 sequence is most closely related to Altererythrobacter (98% RDP confidence threshold).
Quantification of bacterial sequences identified by SIP. Once the major groups present in the SIP enrichments were identified, qPCR primers were developed to quantify the sequences associated with those groups to verify that they increased in abundance during incubation with anthracene or anthraquinone (Fig. 2) . In the feed soil incubated with anthracene, a clear increase in the number of 16S rRNA genes associated with the three major groups identified in the clone libraries ( Table 2 ) was observed during the first 3 to 7 days of incubation; the greatest increase was observed for PG2 sequences, which increased by 2 orders of magnitude within 7 days. Increases were also seen within the first 3 to 7 days for sequences associated with the major groups identified in SIP incubations with anthraquinone in treated soil (Sphingomonas) and feed soil (Phenylobacterium).
The major groups associated with degradation of anthracene and anthraquinone were also quantified in the ultracentrifuge fractions from incubations with either the 13 C-labeled or unlabeled substrates to verify that they were associated with heavy DNA in the incubations with the 13 C-labeled substrates (see Fig.  S11 ). In each case there was a shift toward heavy DNA in the incubations with 13 C-labeled substrate, although the shift was less pronounced for PG2. Nevertheless, PG2 sequences were 1 to 2 orders of magnitude greater in the designated heavy fractions from the incubation with [U- 13 C]anthracene than in the corresponding fractions from the incubations with unlabeled anthracene (see Fig. S11 in the supplemental material), and the increased abundance of PG2 organisms was clearly demonstrated over the course of the incubation with anthracene (Fig. 2) .
Pyrosequencing. Pyrosequencing was performed on two sam- ples of bioreactor-treated soil (10 months apart) and one sample of feed soil, and the sequence data were mined for the 5 major groups identified as anthraquinone or anthracene degraders by SIP. Pyrosequencing data obtained previously from the feed and treated soils shortly after the bioreactor began operation (32) were also probed for the same 5 groups. Data from this study and the previous study are summarized in Table S1 in the supplemental material. Sequences representing Phenylobacterium are highly abundant in the most recently collected feed soil sample (17% of the library), a substantial shift from their almost complete absence in the feed soil collected 3 years earlier; we assume that this change resulted from growth during long-term storage of the feed soil at 4°C. Their high abundance in feed soil is reflected in their relatively high abundance in the bioreactor (treated soil samples obtained during this study, from 5 to 8%). Pyrene group 2 sequences in treated soil were less abundant in the present study than in the samples collected in 2010. Sequences representing Variovorax and Sphingomonas were present at low relative abundances in both the present and earlier studies.
DISCUSSION
PAH metabolism results in oxygenated products, such as quinones, that can accumulate at contaminated sites during bioremediation and are also found as cocontaminants with PAHs in the source materials (2) . Because quinones and other oxy-PAHs are known to be toxic, their net formation or removal during bioremediation efforts is important to understand. To date, the only bacteria known to metabolize PAH quinones are the pyrene-degrading bacteria Mycobacterium sp. PYR100 (50) and Mycobacterium vanbaalenii PYR-1 (51), each of which produces two quinone reductases that convert PAH o-quinones to the corresponding catechols; M. vanbaalenii PYR-1 has also been observed to grow on 4,5-pyrenequinone (26) . Because anthraquinone is not an o-quinone, it is possible that quinone reductases of the type found in PAH-degrading Mycobacterium spp. would not act on anthraquinone. A strain of Sphingomonas xenophaga can degrade the substituted anthraquinone bromoamine acid (52) but has not been reported to degrade unsubstituted anthraquinone.
Using DNA-based SIP, we showed that bacteria closely related to the genera Phenylobacterium and Sphingomonas assimilate carbon from anthraquinone. On the basis of these findings, combined with evidence that these sequences increased substantially in abundance during the first 3 to 5 days of incubation (Fig. 2) , we conclude that the corresponding organisms utilize anthraquinone as a growth substrate. A Phenylobacterium sequence was the only sequence associated with anthraquinone degradation in the untreated feed soil for our laboratory-scale, slurry-phase bioreactor. A sequence related to Phenylobacterium was also recovered in the incubation of bioreactor-treated soil with 13 C-labeled anthraquinone, although it was only 5% of the clone library (Table 2) . Phenylobacterium is not a well-studied genus, with the first species reported in 1985 (53) and remaining the only reported species until the mid-2000s (54) . Sequences related to Phenylobacterium have been observed previously in petroleum reservoirs (55) and polychlorinated biphenyl-contaminated soil (56) .
Despite the high relative abundances of Phenylobacterium sequences in the feed soil and in the bioreactor (see Table S1 in the supplemental material), the most predominant sequence associated with anthraquinone degradation in the bioreactor-treated soil is related to Sphingomonas. In previous studies we have similarly seen that the major degraders of a PAH in the bioreactor are not the same as found from SIP of the untreated soil (30, 57) . These findings suggest that SIP with an untreated soil will not necessarily predict that the identified organism(s) will be predominant degraders of the same compound under bioremediation conditions. Sphingomonas species are already well known for their involvement in the biodegradation of aromatic pollutants, including PAHs (23, 58) . Our results extend the range of pollutants that can be degraded by organisms in this genus to a quinone commonly found as a cocontaminant in PAH-contaminated systems.
Identification of anthracene-degrading bacteria. Sequences associated with uncultivated organisms in groups referred to as pyrene group 2 and anthracene group 1, as well as sequences closely related to Variovorax, were the most abundant sequences recovered in incubations of feed soil with 13 C-labeled anthracene (Table 2) . A significant increase in abundance was observed in all three groups by the third day of incubation, with the maximum increase occurring in 1 week (Fig. 2) , indicating an immediate response of these groups to the presence of anthracene.
PG2 organisms have been associated with the degradation of pyrene, benz[a]anthracene, and fluoranthene in the same feed soil as used in this study (59) , although they were not previously associated with anthracene degradation (34) . Consistent with the present results, in the earlier SIP study with anthracene, both anthracene group 1 and Variovorax organisms were the predominant anthracene degraders observed in the feed soil (34) . In a separate SIP study, organisms in the genus Altererythrobacter were the predominant anthracene degraders in bioreactor-treated soil (30) .
In this study, neither of the major anthraquinone degraders recovered by SIP were related to the major anthracene degraders found in feed soil or bioreactor-treated soil. This finding suggests that anthracene-degrading bacteria might not possess the metabolic capability to grow on anthraquinone. Mycobacterium species are able to metabolize both 4,5-pyrenequinone and the parent compound pyrene because they possess quinone reductases that reduce the quinone to an o-dihydroxylyated intermediate that is part of the pyrene metabolic pathway. The details of anthraquinone metabolism, however, will remain unknown until more quinone-degrading bacteria can be isolated and studied. Bacteria capable of quinone metabolism are crucial in understanding the degradation of PAH metabolites, which, in turn, is valuable information for the study and management of PAH-contaminated sites.
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